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We propose how to generate Schrodinger cat states using a microwave cavity containing a SQUID-based 
charge qubit. Based on the measurement of charge states, we show that the superpositions of two macroscopi- 
cally distinguishable coherent states of a single-mode cavity field can be generated by a controllable interaction 
between a cavity field and a charge qubit. After such superpositions of the cavity field are created, the interac- 
tion can be switched off by the classical magnetic field through the SQUID, and there is no information transfer 
between the cavity field and the charge qubit. We also discuss the generation of superpositions of two squeezed 
coherent states. 
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I. INTRODUCTION 

The principle of linear superposition is central to quantum 
mechanics. However, it is difficult to create and observe su- 
perposed states because the fragile coherence of these states 
can be easily spoiled by the environment. Typical examples 
are the Schrodinger cat states (SCSs) |1]. Many theoreti- 
cal schemes |2] have been proposed to generate SCSs and 
superpositions of macroscopic states (SMSs) in optical sys- 
tems. Also, much experimental progress has been made to 
demonstrate SMSs and SCSs: in superconducting systems 
(e.g. Ref. 1 3]), laser trapped ions |4], optical systems con- 
structed by Rydberg atoms, and superconducting cavity in the 
microwave regime |l|,|5j]. The SMSs, which are formed by two 
optical coherent states, e.g. in Ref. |6], have been investigated 
for applications in quantum information processing 1 6J, |7|, |8[ . 
These states can be used as a robust qubit encoding for a single 
bosonic mode subject to amplitude damping. They can also be 
used to study both the measurement process and decoherence 
by coupling the system to the external environment ||g,|3,lal- 
Thus, generating and measuring SMSs and SCSs are not only 
important to understand fundamental physics, but also to ex- 
plore potential applications. 

Superconducting quantum devices ISfr Uol [1111131 12211 allow 
to perform quantum state engineering including the demon- 
stration of SCSs and SMSs. Theoretical schemes to gener- 
ate superpositions that are different from the above exper- 
iments 1 3] have also been proposed 1U41 Il5l [Toll in super- 
conducting quantum devices. For example, the scheme in 
Ref. 1 14] generates a superpositions of Bloch states for the 
current of a Josephson junction. Marquardt and Bruder 11511 
proposed ways to create SMSs for a harmonic oscillator ap- 
proximated by a large superconducting island capacitively 
coupled to a smaller Cooper-pair box. Armour et al. Ilal pro- 
posed a similar scheme as in Ref. 1 15] but using a microme- 
chanical resonator as the harmonic oscillator. A review paper 
on micromechanical resonators 1 17] can be found in Ref. 1 18]. 
In Ref. 11911 . a scheme was proposed to generate SMSs and 



squeezed states for a superconducting quantum interference 
device (SQUID) ring modelled as an oscillator. Since then, 
several proposals have been made which focus on supercon- 
ducting qubits interacting with the nonclassical electromag- 
netic field E^miiSlHlMEiH. 

Optical states allow a fast and convenient optical transmis- 
sion of the quantum information which is stored in charge 
qubits. Compared with the harmonic system 1 15, 16] formed 
by the large superconducting junction and the micromechani- 
cal resonator, optical qubits can easily fly relatively long dis- 
tances between superconducting charge qubits. Moreover, the 
qubit formed by SMSs enables a more efficient error correc- 
tion than that formed by the single photon and vacuum states, 
and the generation and detection of coherent light are easy to 
implement. 

In contrast to 1151 Hal , here we aim at generating SCSs 
in the interaction system between a single-mode microwave 
cavity field and a SQUID-based charge qubit, and then cre- 
ating SMSs by virtue of the measurements of the charge 
states. The generation of such states has been studied theo- 
retically 1 27] and demonstrated in optical cavity QED exper- 
iments |5]. However, in these cases: i) several operations are 
needed because atoms must pass through three cavities, and 
ii) the interaction times are tuned by the controlling velocity 
of the atoms flying through the cavity. In our proposal, we 
need only one cavity, and interaction times are controlled by 
changing the external magnetic field. 

Although our scheme is similar to that proposed in 
Ref. 1 16], the interaction between the box and the resonator 
in Re f. Ilal is not switchable. Due to the fixed coupling in 
Ref. Ilal . the transfer of information between the microme- 
chanical resonator and the box still exists even after the SCSs 
or SMSs are produced. In our proposal, the interaction be- 
tween the cavity field and the SQUID can be switched off by a 
classical magnetic field after the SCSs or SMSs are generated. 
Furthermore, three operations, with different approximations 
made in every operation, are required in Ref. 1 16]. In addition, 
in order to minimize the environmental effect on the prepared 



state, the number of operations and instruments should be as 
small as possible; one operation is enough to generate SCSs 
or SMSs. Thus our proposed scheme offers significant advan- 
tages over the pioneering proposals in Refs. 1 15] and 1 16]. 



II. MODEL 

We consider a SQUID-type qubit superconducting box with 
n excess Cooper-pair charges connected to a superconducting 
loop via two identical Josephson junctions with capacitors Cj 
and coupling energies Ej, A controllable gate voltage V g is 
coupled to the box via the gate capacitor C g with dimension- 
less gate charge n g = C g V g /2e. The qubit is assumed to 
work in the charge regime with k^T <C Ej <C Eq <C A, 
where fcs, T, Eq, and A are the Boltzmann constant, tem- 
perature, charge and superconducting gap energies, respec- 
tively. For known charge qubit experiments, e.g. in Ref. 1 10], 
T ~ 30 mK which means k B T ~ 3^eV, Ej ~ 51.8/xeV, 
Eq ~ 117/ieV, and A ~ 230/ieV, so the above inequali- 
ties are experimentally achievable. We consider a gate volt- 
age range near a degeneracy point n g = 1/2, where only two 
charge states, called n = and n = 1, play a leading role. 
The other charge states with a much higher energy can be ne- 
glected, which implies that the superconducting box can be 
reduced to a two-level system or qubit 1 28]. This supercon- 
ducting two-level system can be represented by a spin-i nota- 
tion such that the charge states n = and n = 1 correspond to 
eigenstates | f) and | J,) of the spin operator a z , respectively. 
If such a qubit is placed into a single-mode superconducting 
cavity, the Hamiltonian can be written as I22J |29II 



H = hwa^a + E z a z — Ej<j x cos — ($ C J + r\ a + tj* a*) ,(1) 



where the first term represents the free Hamiltonian of 
the single-mode cavity field with frequency ui, and E z — 
— 2.E c h(l — 2n g ) with the single-electron charging energy 
E c h = e 2 /(C g + 2Cj). Here $ is the A ux quantum, $ c is 
the flux generated by the classical magnetic field through the 
SQUID, and I is the identity operator. The last term in Eq. Q 
is the nonlinear photon-qubit interaction. The parameter r\ 
has units of magnetic flux and its absolute value represents 
the strength of the quantum flux inside the cavity. We will 
later on assume this "quantum magnetic flux" r\ to be small, 
becoming our perturbation parameter. The parameter r\ can be 
written as 



/u(r) 

Js 



ds, 



(2) 



where u(r) is the mode function of the single-mode cavity 
field, with annihilation (creation) operators a (a'), and S is 
the surface defined by the contour of the SQUID. For con- 
venience, hereafter, we denote | J.) and | f) by |e) and \g), 
respectively. The cosine in Eq. Q can be decomposed into 



classical and quantized parts; Eq. Q can then be expressed as 



H = hciia'a — Ej(j x cos 
+ E z a z + E, j a x sin 



$ 

$ 



cos — (?;a + rj* a') 
5>o 



sin — - (77 a + rj* a') .(3) 



The factors sm[ir(r] a + H.c.)/$o] and cos[7r(?7a + ii\c.)/<I>o] 
can be further expanded as a power series in a(a' i ). For the 
single photon transition between the states \e,n) and \g, n + 
1), if the condition 



-^—vn+ 1 < 1 
$ 



(4) 



is satisfied, all higher orders of 7r|7y|/$o can be neglected in 
the expansion of Eq. l|3}. To estimate the interaction coupling 
between the cavity field and the qubit, we assume that the 
single-mode cavity field is in a standing-wave form 



B , 



ftuJ 

e Vc 2 



(a — a') cos(kz), 



where V, Sq, c, and k are the volume of the cavity, permittiv- 
ity of the vacuum, light speed and wave vector of the cavity 
mode, respectively. Because the superconducting microwave 
cavity is assumed to only contain a single mode of the mag- 
netic field, the wave vector k — 2ir/\ is a constant for the 
given cavity. The magnetic field is assumed to propagate 
along the z direction and the polarization of the magnetic field 
is along the normal direction of the surface area of the SQUID. 
If the area of the SQUID is, e.g., of the order of 100 (Atm) 2 , 
then its linear dimension, e.g., approximately of the order of 
10 /im, should be much less than the microwave wavelength 
of the cavity mode. Thus, the mode function u(r) can be con- 
sidered to be approximately independent of the integral area 
and the factor cos(kz) only depends on the position zq where 
the qubit is located. So the parameter 77 can be expressed as 



\v\ = s 



Hu> 

e Q Vc 2 



cos(kzo)\, 



which shows that the parameter \r/\ depends on the area S and 
the position zq of the SQUID, the wavelength A of cavity field, 
and the volume V of the cavity. It is obvious that a larger S 
for the SQUID corresponds to a larger |?j|. If the SQUID is 
placed in the middle of a cavity with full wavelength, that 
is, z = 1/2 = A/2. Then kz = (2tt/A)(A/2) = n, the 
interaction between the cavity field and the qubit reaches its 
maximum, and 

3.28 x 10~ 9 < 7r|?7|/$o < 7.38 x 10~ 5 < 1 (5) 

in the microwave region with 15 cm > A > 0. 1 cm. For a half- 
or quarter-wavelength cavity, the condition 7r|?7|/$o <C 1 can 
also be satisfied. Therefore, the approximation in Eq. @ can 
be safely made in the microwave regime, and then Eq. (|3j can 



be further simplified (up to first order in £ = 7r?7/<I>o) as 



Hi = hwa [ a + E z a z — E-\o x cos 



(6) 



where £ is a dimensionless complex number with its absolute 
value equal to the dimensionless quantum magnetic flux, and 
it is defined by 



$o 



Z=1T I u ( r ) ' ds = irv- 



$n 



(7) 



III. GENERATION OF CAT STATES 



e" mr ^ 1 is satisfied in Eq. ©, the SMSs of the cavity field 
denoted by |sms)± 



sms>± = 



1 



V2±F2R 



\a)± 



a)) 



(10) 



can be obtained by measuring the charge state |e) or \g), by 
using, for example, a single-electron transistor (SET). 

If we initially inject a coherent light \a'), then by using the 
same method as in the derivation of Eq. (|8j, we can also obtain 
the entanglement of two different optical coherent states \a±) 
and qubit states with the evolution time n : 



lv(n)) = -(exp(i(p)\a+) + exp(-i(p)\a-))\g) 



We assume that the qubit is initially in the ground state 
\g) = (|+) + |-))/2 where |+)(|-)) is eigenstate of the 
Pauli operator a x with the eigenvalue 1 (—1). The cavity field 
is assumed initially in the vacuum state |0). Now let us ad- 
just the gate voltage V g and classical magnetic field such that 
ri g = 1/2 and $ c = $o/2, and then let the whole system 
evolve a time interval r. The state of the qubit-photon system 
evolves into 

\ip(r)) = exp{-i[u>a?a + <T x (£l*a + £la?)]T}\Q)\g) 

= i[A(O)|0)|+) + A(-n)|0)|-)] 



(|o) 



<*))\g) 

a))|e), 



(8) 



where the complex Rabi frequency £1 = £*Ej/K, A(±Q.) = 
exp{— i\uxrfa ± (fTa + Oa^)]r}, and a global phase fac- 
tor exp[-i(t;*Ej/fruj) 2 sin(u>£) + i£,* 2 E 2 t/h 2 uj} has been ne- 
glected. | ± a) denotes coherent state 



±a) 



72 



E 

n=0 



(± a y 



(9) 



with 



huj 



(e~ 



!)■ 



In the derivation of Eq. l|S}, we use the formula exp[6*(/3iO + 
fad* a + /W)] " : exp[/ia t ]exp[/ 2 a t a]exp[/ 3 a]exp[/ 4 ] 

/3 3 ( e (/^) - l)//3 2 , / 2 = /3 2 



with the relations /i 

After the time interval r, we impose $ c = by adjusting 
the classical magnetic field, thus the interaction between the 
charge qubit and the cavity field is switched off (e.g., the last 
term in Eq. © vanishes). Eq. (|8} shows that entanglement 
of the qubit and the microwave cavity field can be prepared 
for an evolution time t ^ 2mir with the integer number m, 
then Schodinger cat states can be created 1 1]. If the condition 



where 



and 



with 



if: 



Im 






a± 



I (— iujT-i) 

= a e y ' 



±k[1 



p (-jO)Ti)l 



R _ CEj 

hjj 

After a time interval t\, we can switch off the interactions 
between the charge qubit and the cavity field by setting $ c = 
and n g — 1/2. Measuring the charge states, we can obtain 
another SMSs denoted by |SMS) 

|SMS) = iV ± 1 (e^|a + )±e-^|a_)) 

with normalized constant 



N ± = ^2 ± (e- l2 v(a+\a-) + e i2l f(a-\a + )), 

where {a T \a±) can be easily obtained [32] by the above ex- 
pression of a±, for example, 

(a+|a_) = exp {— 4k 2 [1 — cos(wti)] — VIkol sin(wri)} , 

here we assume that the injected coherent field has a real am- 
plitude a! '. In Eq. Jl H . we entangle two different superposi- 
tions of coherent states with the ground and excited states of 
the qubit. We can also entangle two different coherent states 
\a±) with the qubit states by applying a classical flux such 
that $ c = $ . Then with the time evolution t = it/AEj, we 
have 

Mn)) = \(e- i *\a-)\g) + e i *\a + )\e)). (12) 

It should be noticed that a global phase factor 

exp[— i(£*Ej/hui) 2 sin(ujt) + iS,* 2 E 2 t/h 2 uj} has been 
neglected in Eas.dlH and d!2l >. 



From a theoretical point of view, if we can keep the ex- 
pansion terms in Eq. Q up to second order in £ = tttj/^q, 
we can also prepare a superposition of two squeezed coherent 
states, which could be used to encode an optical qubit 1 3 1 ] . 
To obtain this superposition of two squeezed coherent states, 
we can set n g = 1/2 and $ c = 0, and derive the Hamiltonian 
from Eq. (|3} to get (up to second order in £) 

H 2 = (hw - \Z\ 2 E 3 a x )Ja - Ej (l + Kjl | ,,, 



Ej<t x [ —a 



(2 t*1 

? -2 , $_+2 



(13) 



If the system is initially in the coherent state I7), and if the 
charge qubit is in the ground state \g), we can entangle qubit 
states with superpositions of two different squeezed coherent 
states with an evolution time t as 



1 



iOI 



e~ m h, 



7:- 

c 2 e, 

h 






e iSt h,i^t) 



t) 



e m h/-^t) 



where 



Ej[l + 



\tf 



C 2 E, 



17, Ti^y^t) - U ± (t)\j), 



Iff) 
(14) 



(15a) 
(15b) 



and 



U±(t) = expi -it (cut h J ) a 1 a 

x exp { T ^(y a2 + ? flt2 ) t 



(15c) 



Here, I7, ^fi£* 2 Ejt/h) denote squeezed coherent states, and 
the degree of squeezing 1 33, 34] is determined by the time- 
dependent parameter \£\ 2 Ejt/H. A superposition of two 
squeezed coherent states can be obtained by the measurement 
on the charge qubit. However, we should note that if we keep 
to first order in |£| = 7t|t7|/<I>o the expansions of Eq. (|3}, the 
interaction between the cavity field and the charge qubit is 
switchable (e.g., the last term in Eq. (|6) vanishes for $ c = 0). 
But if we keep terms up to second order in |£| for the expan- 
sions of Eq. (|3}, then the qubit-field coupling is not switch- 
able. 



superpositions of states are limited by the following physi- 
cal quantities: the Rabi frequency |fi| = \£\Ej (which de- 
termines the quantum operation time t q of two charge qubit 
states through the cavity field), the lifetime t<j of the cavity 
field, the lifetime T\ and dephasing time T2 of the charge 
qubit, as well as the measurement time r m on the charge qubit. 

We now estimate the Rabi frequency |fi| in the microwave 
regime for a standing-wave field in the cavity. A SQUID 
with an area of about 100 (/1m) 2 is assumed to be placed in 
the middle of the cavity. In the microwave regime with dif- 
ferent ratios of E^/Ej, we provide a numerical estimate of 
|fi|/27r for uo — AE c h/h in a full-wavelength cavity, shown in 
Fig-Da), and a quarter-wavelength cavity, shown in Fig^b). 
The results reveal that a shorter wavelength of cavity field cor- 
responds to a larger Rabi frequency |0|. For example, in the 
full-wavelength cavity and the case of the ratio E^/Ej = 4, 
|fi|/27T with microwave length 0.1 cm is of the order of 10 6 
Hz, and yet it is about 10 Hz for a microwave wavelength 
of 5 cm. In both cases, the transition times from |0)|e) to 
|1)|<?) are about 10 -6 s and 0.1 s respectively, where |0) (|1)) 
is the vacuum (single-photon) state. The experiment for this 
scheme should be easier for shorter wavelengths than for long 
wavelengths. Since the cavity field has higher energy for the 
shorter wavelength, so it is better to choose the material with 
a larger superconducting energy gap to make the Josephson 
junction for the experiment in the region of the shorter mi- 
crowave wavelengths. For a fixed wavelength, the effect of 
the ratios E^/Ej on the coupling between the cavity field 
and the charge qubit is not so large. However, decreasing the 
volume V of the cavity can also increase the coupling. 

In order to obtain a SMS, the readout time r m of the charge 
qubit should be less than the dephasing time T2 of the charge 
qubit (because the relaxation time T\ of the charge qubit is 
longer than its dephasing time X2) and the lifetime time ta 
of the cavity field. For example, in Ref. 1 16] with a set of 
given parameters, the estimated time, r m = 4 ns, is less than 
T-2 = 5 ns 1 10]. For a good cavity 1 35], the quality factor Q 
can reach very high values, such as Q = 3 x 10 8 , and then the 
lifetimes of the microwave field would be in the range 0.001 
s < lixtd < 0.15 s, which implies t m -€1 tg. So the readout 
is possible within current technology. It is easier to prepare 
a SMS in such a system even when the coupling between the 
charge qubit and the cavity field is weak because, in principle, 
two different coherent states could be obtained with a very 
short time t q such that t q <C T2 ■ 



V. CONCLUSIONS 



IV. DISCUSSIONS 

Our analytical expressions show how to prepare the 
Schrodinger states for the system of the microwave cavity 
field and the SQUID-based charge qubit, we further show 
that the superpositions of two macroscopically distinguish- 
able states can also be created by measuring the charge states. 
However, similarly to the optical cavity QED |27], prepared 



In conclusion, we have analyzed the generation of 
Schrodinger cat states via a controllable SQUID-type charge 
qubit. Based on our scheme, the SMSs can be created by us- 
ing one quantum operation together with the quantum mea- 
surements on the charge qubit. After the SCSs or SMSs are 
created, the coupling between the charge qubit and the cav- 
ity field can be switched off, in principle. Because all in- 
teraction terms of higher order in £ = 7ny/<l>o are negligible 
for the coupling constant |£| = 7r|r/|/$o <C 1. This results 
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FIG. 1: Rabi frequency [fl| versus the microwave wavelength A for 
a full-wavelength cavity (a) and a quarter-wavelength cavity (b) with 
ratios E^/Ej — 4 (top solid line), 7 (dashed line), 10 (dashed- 
dotted line), 15 (bottom dotted line), respectively. 



terms in Eq. up to second order in £ = ttij/^q. How- 
ever, in this case the interaction between the cavity field and 
the charge qubit cannot be switched off. By using the same 
method employed for trapped ions 1 36], we can measure the 
decay rate of the SMSs and obtain the change of the Q value 
due to the presence of the SQUID. 

Also, the generated SMSs can be used as a source of optical 
qubits. Our suggestion is that the first experiment for generat- 
ing nonclassical states via the interaction with the charge qubit 
should be the generation of superpositions of two macroscop- 
ically distinct coherent states. It needs only one quantum op- 
eration, and the condition for the coupling between the cavity 
field and the charge qubit can be slightly relaxed. This pro- 
posal should be experimentally accessible in the near future. 
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We have also proposed a scheme to generate superpositions 
of two squeezed coherent states if we can keep the expansion 



We acknowledge comments on the manuscript from X. Hu, 
S. C. Bernstein, and C.P. Sun. This work was supported in part 
by the National Security Agency (NSA), Advanced Research 
and Development Activity (ARDA) under Air Force Office of 
Research (AFOSR) contract number F49620-02- 1-0334, and 
by the National Science Foundation grant No. EIA-0130383. 



[1] M. Brune, E. Hagley, J. Dreyer, X. Maitre, A. Maali, C. Wun- 

deiiich, J.M. Raimond, and S. Haroche, Phys. Rev. Lett. 77, 

4887 (1996). 
[2] see, e.g., B. Yurke and D. Staler, Phys. Rev. Lett. 57, 13 

(1986); B. Yurke, W. Schleich, and D.F. Walls, Phys. Rev. A 

42, 1703 (1990); V. Buzek, H. Moya-Cessa, P. L. Knight, S. 

J. D. Phoenix, ibid. 45, 8190 (1992); M.O. Caceres, ibid. 33, 

647 (1986); T. Ogawa, M. Ueda, and N. Imoto, ibid. 43, R6458 

(1991); A. Miranowicz, R. Tanas, and S. Kielich, Quantum Opt. 

2, 253 (1990). 
[3] C.H. van der Wal, A.C.J, ter Haar, F.K. Wilhelm, R.N. 

Schouten, C.J.P.M. Harmans, T.P. Orlando, S. Lloyd, J. E. 

Mooij, Science 290, 773 (2000); S. Han, Y Yu, X. Chu, S. 

Chu, and Z. Wang, ibid. 293 1457 (2001); J.R. Friedman, V. 

Patel, W. Chen, S.K. Tolpygo, and J. E. Lukens, Nature 406, 43 

(2000); 
[4] C. Monroe, D.M. Meekhof, B.E. King, D.J. Wineland, Science 

272,1131(1996). 
[5] J.M. Raimond, M. Brune, and S. Haroche, Phys. Rev. Lett. 79, 

1964 (1997). 
[6] T.C. Ralph, A. Gilchrist, G.J. Milburn, W.J. Munro, and S. 

Glancy, Phys. Rev. A 68, 042319 (2003). 
[7] P.T. Cochrane, G.J. Milburn, and W.J. Munro, Phys. Rev. A 

59, 2631 (1999); S.J. van Enk and O. Hirota, ibid. 64, 022313 

(2001); H. Jeong, M.S. Kim, and J. Lee, ibid. 64, 052308 

(2001). 
[8] Yu-xi Liu, S.K. Ozdemir, M. Koashi, and N. Imoto, Phys. Rev. 

A 65, 042326 (2002); Yu-xi Liu, A. Miranowicz, M. Koashi, 

and N. Imoto, ibid. A 66, 062309 (2002). 
[9] J.E. Mooij, T.P. Orlando, L. Levitov, L. Tian, C.H. van der Wal, 

and S. Lloyd, Science 285, 1036 (1999); Y. Yu, S. Han, Xi Chu, 

S.I. Chu, and Z. Wang, ibid. 296, 889 (2002); I. Chiorescu, Y 

Nakamura, C.J.P.M. Harmans, and J.E. Mooij, ibid. 299, 1869 

(2003); A.J. Berkley, H. Xu, R.C. Ramos, MA. Gubrud, F.W. 



Strauch, PR. Johnson, J.R. Anderson, A.J. Dragt, C.J. Lobb, 
and EC. Wellstood, ibid. 300, 1548 (2003). 

[10] Y Nakamura, YA. Pashkin, and J.S. Tsai, Nature 398, 786 
(1999); YA. Pashkin, T Yamamoto, O. Astafiev, Y Nakamura, 
D.V. Averin, and J.S. Tsai, ibid. 421, 823 (2003). 

[11] D. Vion, A. Aassime, A. Cottet, P. Joyez, H. Pothier, C. Urbina, 
D. Esteve, M.H. Devoret, Science 296, 886 (2002). 

[12] J.Q. You, J.S. Tsai, and E Nori, Phys. R ev. Lett. 89, 197902 
(2002). A longer version of it is available in cond-mat/0306203 
see also New Directions in Mesoscopic Physics, edited by R. 
Fazio, V.E Gantmakher, and Y Imry (Kluwer Academic Pub- 
lishers, 2003), 351. 

[13] L.F. Wei, Yu-xi Liu, and F. Nori, Europhys. Lett. 67, 1004 
(2004). 

[14] C.C. Gerry, Phys. Rev. B 57, 7474 (1998). 

[15] F. Marquardt and C. Bruder, Phys. Rev. B 63, 054514 (2001). 

[16] A.D. Armour, M.P. Blencowe, and K.C. Schwab, Phys. Rev. 
Lett. 88, 148301 (2002). 

[17] M.D. Lahaye, O. Buu, B. Camarota, and K.C. Schwab, Sci- 
ence, 304, 74 (2004); E.K. Irish and K. Schwab, Phys. Rev. B 
68, 155311 (2003); A. Hopkins, K Jacobs, S. Habib, and K. 
Schwab, Phys. Rev. B 68, 235328 (2003) 

[18] M. Blencowe, Phys. Rep. 395, 159 (2004). 

[19] M.J. Everitt, T.D. Clark, P.B. Stiffell, A. Vourdas, J.E Ralph, 
R.J. Prance, H. Prance, Phys. Rev. A 69, 043804 (2004). 

[20] W.A. Al-Saidi and D. Stroud, Phys. Rev. B 65, 224512 (2002). 

[21] S.L. Zhu, Z.D. Wang, and K. Yang, Phys. Rev. A 68, 034303 
(2003). 

[22] J.Q. You and F. Nori, Phys. Rev. B 68, 064509 (2003); J.Q. You, 
J.S. Tsai, and Franco Nori, ibid. 68, 024510 (2003). 

[23] A. Vourdas, Phys. Rev. B 49, 12040 (1994); C.P. Yang, Shih-I 
Chu, and S. Han, Phys. Rev. A 67, 042311 (2003). 

[24] YB. Gao, C. Li, and C.P. Sun, Commun. Theor. Phys. 43, 213 
(2005). 



[25] S.M. Girvin, R.S. Huang, A. Blais, A. Wallraff, and R.J. 

Schoelkopf, cond-mat/03 10670 A. Blais, R.S. Huang, A. Wall- 
raff, S.M. Girvin, and R.J. Schoelkopf, Phys. Rev. A 69, 062320 

(2004). 
[26] A. Wallraff, D.I. Schuster, A. Blais, L. Frunzio, R.S. Huang, 

J. Majer, S, Kumar, S.M. Girvin, and R.J. Schoelkopf, Nature 

431, 162 (2004). 
[27] L. Davidovich, M. Brune, J. M. Raimond, and S. Haroche, 

Phys. Rev. A 53, 1295 (1996); M.C. de Oliveira, M.H.Y. 

Moussa, and S.S. Mizrahi, ibid. 61, 063809 (2000). 
[28] Y. Makhlin, G. Schon, and A. Shnirman, Rev. Mod. Phys. 73, 

357(2001); Y. Makhlin, G. Schon, and A. Shnirman, Nature, 

398, 305 (1999). 
[29] Yu-xi Liu, L.F. Wei, and F. Nori, Europhys. Lett. 67, 941 

(2004). 
[30] E. Knill, R. laflamme, and G.J. Milburn, Nature, 409, 46 

(2001); J.I. Cirac, P. Zoller, H.J. Kimble, and H. Mabuchi, Phys. 

Rev. Lett. 78, 3221 (1997). 



[31] D. Gottesman, A. Kitaev, and J. Preskill, Phys. Rev. A 64, 

012310(2001). 
[32] M.O. Scully and M.S. Zubairy, Quantum optics (Cambridge 

University Press, Cambridge, 1997). 
[33] D. Staler, Phys. Rev. D 1, 3217 (1970); H.P Yuan, Phys. Rev. 

A 13, 2226 (1976); CM. Caves, Phys. Rev. D 23, 1693 (1981). 
[34] A. Yariv, Quantum electronics (John Wiley & Sons, New York, 

1988). 
[35] J. Krause, M.O.Scully, and H. Walther, Phys. Rev. A 36, R4547 

(1987); J. Krause, M.O.Scully, T. Walther, and H. Walther, ibid. 

39, 1915 (1989); S. Brattke, B.T.H. Varcoe, and H. Walther, 

Phys. Rev. Lett. 86, 3534 (2001); J.M. Raimond, M. Brune, and 

S. Haroche, Rev. Mod. Phys. 73, 565 (2001). 
[36] Q.A. Turchette, C.J. Myatt, B.E. King, C.A. Sackett, D. 

Kielpinski, W.M. Itano, C. Monroe, and D.J. Wineland, Phys. 

Rev. A 62, 053807 (2000). 



